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Abstract 
Electromagnetic transition rate measurements play an important role in characterizing the evolution of nuclear structure with 
increasing proton-neutron asymmetry. At TRIUMF, the TIGRESS Integrated Plunger device and its suite of ancillary detector 
systems have been implemented for charged-particle tagging and light-ion identification in coincidence with gamma-ray 
spectroscopy for Doppler-shift lifetime studies and low-energy Coulomb excitation measurements. Digital pulse-shape analysis 
of signals from these ancillary detectors for particle identification improves the signal-to-noise ratio of gamma-ray energy 
spectra. Here, we illustrate the reaction-channel selectivity achieved by utilizing digital rise-time discrimination of waveforms 
from alpha particles and carbon ions detected with silicon PIN diodes, thereby enhancing gamma-ray line-shape signatures for 
precision lifetime studies. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the Organizing Committee of CAARI 2014. 
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1. Introduction 
High precision gamma-ray spectroscopy plays an important role in nuclear structure investigations of emergent 
exotic phenomena in radionuclides far from stability. Such experiments continually progress towards the extremes of 
nuclear existence with advances in ion source and accelerator technologies for radionuclide production, as well as 
the development of novel instrumentation and analytical techniques. A common experimental challenge is 
overcoming the inherently low signal-to-noise ratio of observables. Indeed, enhancing gamma-ray line-shape 
signatures such as energy and intensity profiles while providing complimentary experimental information for very 
weak channels in the presence of strong contaminant beams or reaction residues is a key task for nuclear structure 
studies. 
 
At the ISAC-II facility of TRIUMF (Laxdal (2003)), Canada's national laboratory for particle and nuclear 
physics, the gamma-ray spectroscopy program is centered on the high-efficiency and Compton-suppressed 
segmented germanium clover detector array TIGRESS (TRIUMF-ISAC Gamma-Ray Escape Suppressed 
Spectrometer) (Scraggs et al. (2005); Svensson et al. (2005a,b); Hackman and Svensson (2014)). Several 
sophisticated ancillary detector systems couple to the TIGRESS experimental infrastructure and 100 MHz, 14-bit 
ADC digital data acquisition system (TIGRESS DAQ) (Martin et al. (2008)), resulting in a highly-specialized and 
quickly-reconfigurable experimental facility for nuclear structure studies. A brief overview of these devices has been 
presented in Hackman and Svensson (2014). Among these is the TIGRESS Integrated Plunger (TIP) device (Voss et 
al. (2014)), which permits coincident particle-gamma spectroscopy for electromagnetic transition rate and static 
quadrupole moment measurements with TIGRESS via Doppler-shift lifetime studies (Alexander and Forster (1978); 
Dewald et al. (2012)) and low-energy Coulomb excitation (Alder and Winther (1975)) within the same experimental 
setup, thus minimizing systematic uncertainties and providing access to both transition and diagonal nuclear matrix 
elements. 
 
In Voss et al. (2014), we introduced the TIP device and reported on the development and implementation of its 
extensive suite of ancillary charged-particle detector systems that provide reaction-channel selectivity and precision 
kinematic information following a variety of experimental reaction mechanisms. We demonstrated an enhancement 
in the sensitivity of gamma-ray energy spectra utilizing coincident charged-particle detection with special focus on 
the pulse-shape analysis (PSA) of digitized CsI(Tl) scintillator waveforms. Here we expand upon this work by 
describing another PSA technique: the digitization of silicon PIN diode waveforms and the resulting separation of 
reaction channels through light-ion elemental identification by digital rise-time discrimination (DRD)1. This 
discrimination arises from the different stopping powers and energies of reaction products, which translates to 
unique charge-collection times (Ammerlaan et al. (1963)). Pulse-shape analysis of silicon detector signals has been 
extensively investigated with traditional analog electronics (Mutterer et al. (2000, 2009); Alderighi et al. (2004, 
2005); Von Schmid et al. (2011)). In contrast, digital techniques have only been pursued recently due to the 
emergence of digital data acquisition systems enabling the storage of waveforms and the offline optimization of 
analytical techniques. For example, digitized silicon waveform analysis has been implemented for elemental 
selectivity in large charged-particle detector arrays for reaction studies (Barlini et al. (2009); Carboni et al. (2012)), 
discoveries of new proton-emitting nuclei with microsecond-ordered lifetimes (Grzywacz et al. (2005); Karny et al. 
(2003)), and pile-up detection from successive decays of newly discovered alpha emitting nuclei near the proton drip 
line (Grzywacz et al. (2007); Liddick et al. (2012)). 
 
Some of these investigations have used specialized setups to maximize the elemental and isotopic sensitivity, 
such as selecting silicon wafers with uniform resistivity, mounting and biasing schemes to emphasize rise-time 
 
 
1 As opposed to CsI(Tl) PSA as presented in Voss et al. (2014), where the characteristic pulse shapes of different ionizing radiation is a property 
of the scintillator itself, silicon PIN diode DRD depends strongly upon the implantation depth profile (and hence the recoil species and reaction 
kinematics). As such, the specifics of this technique are experiment dependent. 
526   P. Voss et al. /  Physics Procedia  66 ( 2015 )  524 – 531 
variations, or using monoenergetic beams. In this work, we report on the in situ rise-time sensitivity of digitized 
silicon PIN diode waveforms observed during a high-rate experiment with realistic kinematic broadening of the 
recoiling particles and a particle-gamma multi-detector triggering scheme. Our goal is to highlight the benefits of 
digital waveform capture for the application of silicon PIN diode DRD to gamma-ray spectroscopy by illustrating 
the improvement in line-shape signatures for precision Doppler-shift attenuation method (DSAM) lifetime studies 
(Alexander and Forster (1978)). The experimental details are presented in Section 2 while the specifics of the DRD 
technique and results are described in Section 3. We provide concluding remarks in Section 4. 
2. Experimental details 
The TIGRESS gamma-ray spectrometer and TIP were recently used in a DSAM lifetime measurement of the first 
excited 2+ state (ʹଵା) in self-conjugate 36Ar at the ISAC-II facility of TRIUMF. A precision remeasurement of this 
lifetime will help resolve literature discrepancies between previous DSAM (Speidel et al. (2006)) and intermediate 
energy Coulomb excitation (Pritychenko et al. (1999); Cottle et al. (1999)) measurements. The state of interest was 
populated by Coulomb excitation of a 1.75 AMeV 36Ar beam on a 0.43 mg/cm2 (1.9 μm) carbon target evaporated 
on a 18.3 mg/cm2 (9.5 μm) gold backing. Excitations on the thick DSAM gold backing can present a significant 
contaminant to the observed gamma-ray line shape, which is dependent upon the projectile momentum, angle of 
gamma-ray detection, and stopping power of the backing. To extract precise lifetime information from this shape, 
the reaction was localized within the thin carbon layer by detecting recoiling carbon inelastic scattering partners 
with the TIP silicon PIN diode wall. Gold inelastic scattering partners were not energetic enough to emerge from the 
backing, thus carbon recoil detection provided a selective particle-gamma trigger and an unambiguous tag of the 
proper reaction. The silicon PIN diodes were biased to -10 V from the particle injection side (anode) and the rear 
ohmic contact (cathode) was connected to ground. All recoiling charged particles were stopped within the depletion 
region. More details on the design, construction, and performance of these photodiodes can be found in Voss et al. 
(2014). 
 
Gamma-ray energy line-shape distributions detected in the forward and backward TIGRESS clover detectors in 
coincidence with recoiling charged particles in the TIP silicon PIN diode wall are presented in Fig. 1. There, several 
transitions with lifetimes spanning three orders of magnitude and arising from states populated by different reaction 
channels are visible. Alongside the Doppler-broadened ʹଵା o Ͳଵା transition in 36Ar at 1970.3 keV (with an evaluated 
half-life of 328(20) fs (Nica et al. (2012))) are the strongly shifted ͵Ȁʹଶି  o ͳȀʹଵା transition in 37Ar at 2108.2 keV 
(t1/2 = 41(24) fs (Cameron et al. (2012))), the fully stopped ͵ଵି  o ʹଵା transition in 44Ti at 2093.1 keV (t1/2 = 21.6 ps 
(Chen et al. (2011))), and the slightly shifted ͵Ȁʹଵି  o 3Ȁʹଵା transition in 37Ar at 2490.2 keV (t1/2 = 462(111) fs 
(Cameron et al. (2012))).  
 
The transitions from 37Ar and 44Ti visible in Fig. 1 arise from two competing reaction mechanisms: neutron 
pickup from 13C in the target and two-alpha particle transfer from 12C breakup, respectively. Alpha-transfer reactions 
have been demonstrated to be an efficient means of populating excited states at beam energies near the Coulomb 
barrier (Speidel et al. (2006); Leske et al. (2005); Schielke et al. (2003)); indeed, transitions from several states in 
40Ca, 44Ti, and 43Sc (two-alpha transfer to states above the 44Ti proton separation energy at 8649.4(2) keV (Audi et 
al. (2003))) were observed in the measurement. The presence of these reaction channels provides additional 
experimental observables which can be analyzed—note, for instance, the nearly 60% uncertainty in the lifetime of 
the ͵Ȁʹଶି  state in 37Ar. However, the Compton continuum from intense, high-energy transitions—such as the 2490.2 
keV line in 37Ar and the ͵ଵି  o Ͳଵା and ʹଵା  o Ͳଵା  transitions in 40Ca at 3736.3 keV and 3904.0 keV (cf. Fig. 6), 
respectively—and several weaker lines near 2 MeV all impact the Doppler-shifted line shape of the 36Ar ʹଵା o Ͳଵା 
transition of interest. Since the lifetime is extracted from this line-shape information, it is desirable to maximize the 
signal-to-noise ratio in this energy region. 
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One technique employed in the analysis to improve this ratio was separating gamma-ray energy spectra in 
coincidence with charged particles detected in different rings of the PIN diode wall. During the experiment, very 
few carbon target recoils from the inelastic excitation of 36Ar were energetic enough to exit the gold DSAM backing 
at angles ذ25q, corresponding to rings 3 and 4. Thus, the majority of gamma rays coincident with particles detected 
in these outer rings are from alpha-transfer contaminant reactions. Projecting gamma-ray energy spectra in 
coincidence with particles detected only in rings 1 and 2 or rings 3 and 4 results in drastically different spectra as 
illustrated in Fig. 2. There, it is clear that the 44Ti transition (and, by extension, transitions from other alpha-transfer 
channels such as the ͳͳȀʹଶି  o ͹Ȁʹଵି  transition in 43Sc at 1829.9 keV (t1/2 = 200(30) fs (Cameron and Singh 
(2001)))) dominates the spectrum for events in coincidence with particles in the outermost rings whereas transitions 
from the inelastic excitation and neutron-pickup channels are only visible for events in coincidence with particles in 
the innermost rings. However, this simple kinematic gating does not remove the alpha-transfer channels from the 
latter gamma-ray spectrum as there was no angular restriction on the detection of alpha particles. We have therefore 
pursued additional reaction-channel selectivity by analysis of the digitized silicon PIN diode waveforms. 
3. Digital rise-time discrimination of silicon PIN diode waveforms 
The rise-time discrimination of digitized silicon PIN diode waveforms was investigated as a means to provide 
additional separation of reaction channels present in the DSAM measurement. Silicon waveform traces of 1 μs were 
collected synchronously using the 100 MHz, 14-bit ADCs of the TIGRESS DAQ and stored to disk for offline 
DRD. Figure 3 illustrates two representative waveforms detected in the silicon photodiodes corresponding to 
recoiling carbon and alpha particles. The particle identification from waveform DRD and the subsequent projection 
of gamma-ray spectra into different reaction channels is discussed here. 
 
 
Fig. 1: Gamma-ray energy spectra detected with the 45q (top) and 135q 
(bottom) TIGRESS clovers in coincidence with recoiling charged 
particles. The ʹଵା o Ͳଵା transition at 1970.3 keV in 36Ar exhibits well-
developed slowing and stopped components; coupled to a knowledge of 
the 36Ar initial velocity, target thicknesses, and stopping powers, this line-
shape information is sufficient to determine the lifetime of the ʹଵା state. In 
contrast, transitions in 37Ar at 2108.2 keV and in 44Ti at 2093.1 keV 
illustrate characteristic line shapes of much shorter-and longer-lived 
states, respectively. These states were populated from competing 
reactions on the carbon target layer. 
 
Fig. 2: Gamma-ray energy spectra detected with the 45q TIGRESS 
clovers in coincidence with recoiling charged particles in rings 1 
and 2 (black) and rings 3 and 4 (red) of the silicon PIN diode wall. 
As a significant fraction of the carbon recoils from the inelastic 
excitation of 36Ar projectiles or neutron transfer were not energetic 
enough to emerge from the thick gold backing at large angles, only 
the alpha-transfer reactions dominate the spectrum in coincidence 
with particles in the outermost rings. The energy range is identical 
to that of the spectra in Fig. 1. 
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The stored waveforms were fit on an event-by-event basis to extract the signal rise time using the fit functionality 
of the ROOT toolkit (Brun and Rademakers (1997)). The form of the fitǡ	ሺሻ, is given below for times before and 
after the beginning of the signal at ଴. 
 
forݐ ൑ ݐ଴ǣ
ܨሺݐሻ ൌ ܥ 

forݐ ൐  ݐ଴ǣ




Here, the baseline is approximated by a constant  while the waveform is governed by an amplitude, a signal rise 
time Wୖ୘ , and the characteristic 50 μs preamplifier decay time Wୖେ . The first three parameters, along with the 
beginning of the signal ଴ were allowed to freely vary and the optimal values were extracted via χ2 analysis using the 
ROOT TMinuit class. An example of the fit quality for a carbon waveform is provided in the inset of Fig. 3. 
 
Figure 4 plots the extracted rise times against the incident ion energy for a subset of the data. There is a clear 
separation of events into distinct clusters. The reactions responsible for the three regions labelled A, B, and C were 
identified by projecting gamma-ray spectra in coincidence with charged-particle events in each region. Region A, 
comprised of events with the shortest rise time, corresponds to recoiling carbon ions from projectile inelastic  
excitation and neutron pickup from 13C to states in 37Ar. The boomerang-shaped region B, comprised of events with 
a range of rise times, corresponds to several reaction channels from alpha-transfer. The most intense portion 
corresponds to the two-alpha transfer to states in 44Ti—thus one alpha particle was available for detection—as well 
as the subsequent proton emission (as discussed above) to states in 43Sc. In addition, the lower energy, shorter rise-
time tail of region B corresponds to the former process while the higher energy, shorter rise-time tail corresponds to 
the latter. This tail, connecting regions A and B, also corresponds to the one-alpha transfer to states in 40Ca when 
only one alpha particle was detected in a single PIN diode, whereas the much less intense region C at twice the 
energy corresponds to the same reaction, but when both alpha particles were detected in a single PIN diode. 
Together, these observations are consistent with the known stopping of reaction recoils in the silicon photodiodes. 
 
Fig. 3: Representative 1 μs silicon PIN diode waveform traces, 
normalized with baselines aligned and sampled at 100 MHz. The rise 
times of the traces corresponding to carbon and alpha particles are 98.1 
ns and 212.1 ns, respectively, and are extracted from fits using the 
equation below. The best-fit function (red) to the carbon waveform is 
shown with the same axes as the main figure (inset). 
 
Fig. 4: Rise-time discrimination of carbon and alpha particles 
detected by ring 2 elements of the silicon PIN diode wall in 
coincidence with gamma rays in the 13 TIGRESS clover detectors. 
Plotting the rise time against the calibrated energy deposited in the 
photodiodes results in several distinct features which were assigned 
to different reaction processes by projecting the coincident gamma-
ray spectra (illustrated in Figs. 5 and 6). Regions A, B, and C 
correspond to the detection of carbon, one alpha particle, and two 
alpha particles in a single photodiode, respectively. 
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The carbon ions were stopped within the first 10% of the detector, closest to the anode, whereas the alpha particles 
penetrated much deeper. Thus, the rise-time limiting process of collecting holes was fastest for carbon. 
 
Figure 5 demonstrates the effectiveness of silicon PIN diode DRD for enhancing the signal-to-noise ratio of 
gamma-ray energy spectra and providing reaction-channel selectivity. In comparison to the kinematic gating of Fig. 
2, the contributions of alpha-transfer channels to the 36,37Ar Doppler-shifted line shapes are completely removed. 
Figure 6 illustrates the point further; the only gamma-ray transitions in coincidence with charged particles in region 
C of Fig. 4 belong to 40Ca—aside from the most intense transitions at 3736.3 keV and 3904.0 keV, the Doppler-
shifted transitions at 1374.1 keV (Ͷଵା o ʹଵା) and 3378.5 keV (Ͷଶି  o ͵ଵି ) are also clearly visible—whereas those in 
coincidence with charged particles in region B also belong to alpha-transfer channels where only one alpha particle 
was available for detection, such as 44Ti and 43Sc. 
4. Conclusions 
The TIGRESS Integrated Plunger is a new device for nuclear structure studies of radioisotopes with post-
accelerated beams from the ISAC-II facility. The TIP ancillary charged-particle detectors and target configurations 
enable a range of high-precision electromagnetic transition rate studies with the TIGRESS gamma-ray spectrometer 
via Doppler-shift lifetime and low-energy Coulomb excitation measurements. As first presented in Voss et al. 
(2014), coincident gamma-ray and charged-particle spectroscopy with TIP and TIGRESS have demonstrated the 
ability to emphasize weak channels in the presence of dominant competing reaction mechanisms and enhance the 
sensitivity of experimental observables such as DSAM gamma-ray line shapes. 
 
In this article, we have expanded upon this discussion and reported the first application of digital rise-time 
discrimination to TIP silicon PIN diode waveforms. This PSA technique exploited the variation in the implantation 
depth into silicon of various recoiling charged particles produced by reactions near the Coulomb barrier on a carbon 
target. The resulting rise time differences were then used to project gamma-ray spectra corresponding to recoiling 
carbon ions and alpha particles from inelastic excitation and neutron-transfer reactions, as well as alpha-transfer 
reactions, respectively. The technique, based upon a cost-effective silicon PIN diode array constructed at Simon 
Fraser University and instrumented with the TIGRESS DAQ, cleanly separated transitions from these competing 
reaction mechanisms, thereby improving the signal-to-noise ratio of the DSAM line shape of the 36Ar ʹଵା  o Ͳଵା 
transition at 1970.3 keV. This demonstrated enhancement of gamma-ray line-shape signatures is of great interest for 
Fig. 5: The impact of silicon PIN diode waveform DRD. Here, the 
gamma rays detected by the 45q TIGRESS clovers are projected into 
spectra in coincidence with carbon recoils (black) and a single alpha 
particle (red) by gating on regions A and B in Fig. 4, respectively. It is 
clear these gates enhance the experimental sensitivity. For example, the 
44Ti and 43Sc transitions in coincidence with alpha particles are 
eliminated from the carbon-gated data, whereas the 36,37Ar transitions 
remain. Note also the small peak near 2010 keV that is removed from 
the 36Ar line shape by rise-time gating. 
Fig. 6: The impact of silicon PIN diode waveform DRD. Here, the 
gamma rays detected by the 45q TIGRESS clovers are projected into 
spectra in coincidence with a single alpha particle (black) and two 
alpha particles (red) detected within the same PIN diode by gating on 
regions B and C in Fig. 4, respectively. Only transitions in 40Ca 
(marked with stars) are present in the two-alpha gated gamma-ray 
spectrum, whereas transitions in coincidence with only one alpha 
particle such as those in 44Ti (marked with diamonds) are eliminated. 
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nuclear structure studies, especially Doppler-shift lifetime measurements using high-intensity beams to populate 
exotic, weak channels in the presence of large backgrounds. 
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